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A600VSiC Trench JFET
RN. Gu ta, andH.R. Chang

Rockwell Science Center, ThousandOaks. CA91360
Tel. (805) 373-4756. Fax.' (805) 373-4869, email.'rgupta@rwsc.com

Abstract: 4Hsilicon carbide trench vertical JFEThas been fabricated with a blocking voltage of

600Vand specific on-resistance of 5m~-cm2.2AFETSWith an average on-voltage of IVand400/0

yield have beendemonstrated. To our knowledgethis is the lowest specific on-resistance for a 600V
FETreported. Devices with similar voltage ratings reported in the past showedmuchhigher specific

on-resistance. For instance, 40m~-cm2for 700V, expected basedon simulations for ACCUFET,by
Motorola [1], 18m~-cm2for 600VVJFET,by Siemens[2], 18m~-cm2for the best device,

breakdownvoltage 350-450V, by North Carolina State University. Froma website [4] ofthe SiC
research group at purdue, (updated Jan 20 2001), the lowest on-resistance reported by any group, is

over lOm~-cm2.

Thestructure of the device is shownin fig. I .This trench JFEThas 4umdeeptrenches, with trench
bottom implanted with p-type dopants and trenches filled with polysilicon to form the gate. TheP+at
the trench bottom serves to protect the trench corners from high electric fields, it is connected to the

gate to makethe device a JFET. Starting from an n/N+ epi, with the epitaxial layer doped lel6cm~3

lOumthick, trenches using Ni mask, in an SF6chemistry basedRIEprocess developed at the

Rockwell Science Center. Theoxide isolating the gate from the trench sidewalls is deposited by LTO
and subsequently re-oxidized at I150C. LPCVDdeposition ofpolysilicon is then performed to fill

the trenches. Thepolysilicon is then RIEetched to removeexcess polysilicon on the source mesas.
Fig. 2Showsan SEMpicture ofthe device after the polysilicon etchlng. Following the polysilicon
planarization, contacts are defined and metal deposited. To simplify the process, the contacts were
not sintered. In the following lots weplan to alloy the contacts to reduce the contact resistance.

Fig. 3showsthe family of drain current vs. drain voltage characteristic of the FETfor various gate
voltages. This is a nonnally on FET, and requires negative voltage to turn-off. It is possible to use
this device under 'normally ~)fr conditions by use of a low voltage silicon MOSFETin series, in a
cascode configuration, as described in [2]. Fig. 4showsthe blocking characteristics ofthe FET. It

can be seen that the device blocking voltage is over 600V. Howeverin order for the device to block
600V, -30V on the gate is needed. Aplot ofthe blocking voltages vs. device position on the wafer is

shownin Fig. 5for the -20V gate bias. With -20V on the gate the working devices could block
between400-500V. ShownIn Fig. 6is the on-voltage vs. device position for the FET, at a drain

current of IA. It can be seen that over 90"/o ofthe devices have on-voltages between0.4 and 0.6 v.

Wewill report the results ofthe FETwith improved contacts in the paper. Further wewill also
describe the device design and process issues for this device. High temperature will also be
presented in the paper.
Refrences
l. Wang,Y.;Weitzel C and Bhatnagar M "Accumulatron modeSIC powerMOSFETdesrgn

issues" ICSRM'99, pg 1287-90.
2. Mitlehner H et al "Dynamrccharactenstrcs ofHlgh voltage 4HSIC vertrcal JFETS" ISPSD

'99, pg. 339 42
3. Chi]ukuri, R.K.; Shenoy, P.M.; and Baliga, B.J., "High-temperature operation of SiC planar

ACCUFET",IEEEtrans. Industry Applications, Nov.-Dec. '99, vol. 35, no. 6., pg 1458-62.
4. PurdueWideBandGapResearch, updated Jan 20 2001. Figure 2.
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2kV4H-SiCJunction FETS

Hidekatsu Onose, Atsuo Watanabe,TomoyukiSomeya,and Yutaka Kobayashi
Hitachi ResearchLaboratory, Hitachi Ltd

7-1-1, Omika-cho, Hitachi, Ibaraki, 319-1292 Japan

Tel:+81294 52 7957 Fax:+8129452 7953 E-mail:honose@hrl.Hitachi.cojp

The silicon carbide (SiC) SIT (static induction transistor) or Junction FET(JFET) will is

expected to be appropriate for SiC devices because of no oxide-semiconductor interface in

the channel [IJ. AJFETwith a novel gate structure, which can realize both low on-resistance

and high blocking voltage, is proposed and demonstrated [2,3]. However, careful

consideration of gate structures must be needed for reduce on-resistance. In this paper,

vertical channel type 2 kV JFETScan successfully demonstrated and the effect of gate

structure is also discussed.

Figure I showsschematic structures of fabricated JFETS. The doping level of n~ epitaxial

layer is 2.5xl015cm~3 and the thickness is 20 um. In order to fabricate deeppgate and narrow
channel, high energy multiple Al+ implantation (730 keVand 870 keV) is used. Total dose of

the pgate and the channel width are parameters for consideration. The n+ source and p+ gate

contact are formed by N+and Al+ implantation, respectively. Afier implantation, annealing at

1650 'C margon is followed. Ni for the source electrode and TVAI for the gate electrode are

evaporated and sintered. Figure 2 shows a top view of the fabricated source and gate

electrodes. Figure 3showsan exampleof measureddrain I-V characteristics. Figure 4shows

a blocking property of a fabricated JFET, which indicates higher blocking capability than 2
kV. Figure 5showsdependenceof drain I-V curves on the channel width and the pgate dose

measuredat zero gate voltage. It can be found that on-resistance of high dose case (2.9xl014

cm~2) is higher than that of low dose case (1.5xl013 cm~2) shownin figure 6as expected.

Since the channel width dependenceis not so strong, the low dose case is appropriate for

fabrication. However, difference of on-resistance at 2 umchannel width is larger than

expected value which is estimated by the simple model of depletion layer expansion

Two-dimensional effect is thought to be a reason of such large difference

As a conclusion, vertical channel type JFETSare fabricated and higher blocking capability

than 2kV are demonstrated. The effect of gate structure is studied and it is found that low
dose of the pgate is appropriate for the performance and fabrication process

This work wasperformed under the managementof FEDas a part of the METIProgram

(R&DofUltra-Low Loss PowerDevice Technologies) supported by NEDO.

References

[l] J. Nishizawa, et al., IEEETrans, on Electron Devices. ED-22, pp. 185-197 1975
[2] T. Iwasaki, et al., Proc. ICSC~4]95, pp. 1085-l088, 1995
[3] H. Onose, at al., Ext. Abst. UPD2000,pp. 211-212, 2000

- 329-



Gate Source

pgate

n~ dnft
(epi)

n+ drain
(substrate)

Drain Fig.2 Topview a fabricated JFET
Fig. I Schematic structure of aJFET

200 lI i ': G=2V ......_..chanuel width =2 um'-"'i-•••••••-

~;::~100 ---- ----- -

:$ !o
1::

.~~

~l i

Oo 2 3 41
Drain voltage (V)

Fig.3 Gate voltage dependence
drain I-V characteristics

200 200

of

,,~

\v'
~af::

~Q)

0:$

~::

'L'~~

O

I i
Chamelwidth =2 um-

30
.i

20 ---~ -

--f----

••---,-••••1-

10

i ~~"

O

40

o

'~ 150

~,~
~'~:
e)~100

o
•~

h ':nCl Jv

o

~~s
o~~~~
o~ovl
~c:$

8~~

"'g)

~

400 800 1200 1600
Drain voltage (V)

Fig.4 Broking characteristics

80

2000

5

um

l .5xl013 cm~2

- 150~~~~:
g,
~o 100

•~

hC:) 50

o

5
3um

2

2.9xl014 cm~2

60

40

20

b..
2.9xl014 cm~2

l .5xl013 cm'2

o 1 2 3 4 5 o 1 2 3 4 5
Drain voltage ~) Drain voltage (V)

Fig.5 Dependenceof drain I-V charactenstics on
channel width andpgate dose

oo 2 4
Channelwidth (um)

Fig.6 On-resistance versus
channel width

6

- 330-



Technical Digest oflnt'/ Conf on SiCandRelated Materials ICSCRM2001-,Tsukuba. Japan, 2001 WeA4-3

ANovel High-Voltage Normally-Off 4H-SiCVertical JFET
J. H. Zhaol, X. Lil, K. Tonel, P. Alexandrov2, M. Pan2, andM. Weiner2
l SiCLAB,ECEDepartment, Rutgers University, 94 Brett Road, Piscataway, NJ08854, USA.
Tel: (732) 445-5240, FAX: (732)445-2820, Email: j zhao@ece. rutgers . edu
2 United Silicon Carbide. Inc., NewBrunswick Technology Center, Building D, NJ08901

,
USA.

Thecommercial availability of 3-inch wafers of 4H-SiCand the continuing effort in scaling

up SiC substrates by a numberof companiesare creating the basis for an emerging SiC power
electronic industry. Many4H-SiC high voltage and high-speed devices have been demonstrated
with the majority of themfocusing on replicating the corresponding Si powerdevices in the hope
of achieving higher power levels. It waspointed out in 1995 [1] that the reliability of gate oxide
(Si02) in SiC power switches under both high temperature and high electric field is an intrinsic

problem and gate-oxide free devices should be pursued. While manyencouraging results have
been reported over the years concerning the low inversion layer carrier mobility and different

gate insulator reliability in 4H-SiC power ~witches a final solution suitable for practical
applications may require a lot more research and investments. It is, therefore, desirable to
develop SiC power switches free of gate oxide/insulator to take the full advantages of SiC
material properties for high temperature powerelectronic applications. This work is focused on
the developmentof a novel 4H-SiCunipolar powerswitch free of gate oxide/insulator.

Fig.1 shows the cross sectional view of a novel high voltage normally off vertical JFET
(patent pending) in 4H-SiCbasedon MeVion implantation technology. Aburied PIayer formed
with MeVAl or Al plus Cco-implantation
is used to create the blocking junction and
the horizontal channel. The semi-insulating
layer formed by deep Vanadium
implantation is used to terminate the
horizontal channel so as to prevent the

current conduction through the parasitic

vertical PNP structure. The DC and
transient characteristics of this switch are
studied by way of two-dimensional
numerical simulations with ISE-TCAD
software. Fig.2 shows J-V curves of the
device. It can be seen that the switch has a
blocking voltage of 1644V at 300K and
over I ,800V at 600K. The switch is

nonnally-off and can be turned on to handle

a high current density with gate voltages up
to 2.75V and 2.06V at 300K and 600K,
respectively, with a negligible gate current.

The key design parameters for this device

are vertical channel opening d and
horizontal channel opening h. The
optimized value for d is around 2.5um as
illustrated in Fig.3. It can be seen from Fig.4
that h=0

. 17um can be used which
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corresponds to a high JF of 600A/cm2at a V~*i* of 3V. This unipolar switch has a very high
switching speed. The results of transient simulations are presented in Fig.5 where the tum-on
time of 211.5ns and the turn-off time of 144.7ns are basically limited by the applied dVG/dt
gating rate of I .1xl07V/s. With a drift layer dopedmid-1015cm~3,a fully implanted planar 4H-
SiC VJFETcapable of blocking 1,790V has beendemonstrated and the results will be presented

Reference: [1]. J. H. Zhao, et al., "SiC UMOSand thyristor-based powerswitches", Proc. of
Ist Workshopon nrpE for Vehicles, pp.36-43, 1995, Eaton Town,NJ.
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Large Area (3.3mmX3.3mm)PoWerMOSFETSin 4H-SiC
Sei-H un R u, Anant Agarwal, Mrinal Das, Lori Lipkin, John Palmour, andNelson Saks

Cree. Inc., 4600Suicon Drive, Durham,NC27703, USA
Ph. (919) 313-5541. Fax. (919) 313-5696, eman: sei-h un r u@cree.com

Navat ResearchLaboratory, 4555 overlook Avenue, Washington. D. c. 20375. USA
This paper describes the design and fabrication of 4H-SiC PowerMOSFETS.Wehave

achieved 350 V, 10 A (VF= 4.4 V) devices with an active area of 0.105 cm2(3.3 mmx 3,3 mm)
which represents a specific on-resistance (R,,~,.,,p) of 44 m~ecm2.This has been madepossible by

using a buried channel device, resulting in a peak channel electron mobility of 195 cm2/V•s.

Theprevious results have been limited to less than 0.5 A in small area devices [1,2].

Figure I showsa schematic cross-section of the basic cell. A 25 umthick, 2xl015 cm~3

dopedn- type drift layer was grown on n+ 4H-SiC substrate. The cell pitch is 25 um. The p-

wells. JTE regions and the p+ contacts are formed by aluminum implantation. The n' source
regions are implanted with nitrogen. Aburied n-type layer is created in the channel region with a
charge of approximately I .7xl012 cm~2. All the implants are activated at 1600'C in Ar. The gate

oxide is thermally grown in dry 02 at 1200'C for I hr, followed by an anneal in at 1200'C Ar for

1hr, followed by a re-oxidation anneal in wet 02 at 950'C for 3hrs. The gate metal consists of

0.5 umthick sputtered Moly. The contacts to source, drain and p' regions are formed with 0.1

umthick sintered Ni. Then, an inter-metal die]ectric is deposited and via holes are opened. The
final metal is a 2umthick Ti/Pt/Au layer.

The effective channel mobility measuredon a 100 um/ 100 umFATFETis shown in

Figure 2. With zero bias to the p-well, the. device is normally-on with a threshold voltage (VTll)

of -2 V and a very high peak effective channel mobility of 195 cm2/Ves. This indicates the

presence of a neutral n-type buried layer. At higher gate bias, the effect of the neutral n-type

layer diminishes and all the curves cometogether to the surface electron mobility (- 25 cm21V•s

at VGS= 20 V). The VTHshifts positive as the charge in the n-type buried layer is reduced by
applying negative biases on the p-well. This clearly shows that the devices can be madeto be

normally-off by reducing the n-type charge in the buried channel.

Theon-state I-V characteristics of a 3.3x3.3 mm24H-SiC PowerMOSFETare shownin

Figure 3. AnID of 10 Awasmeasuredat a 4.4 V forward drop. This device is normally-on with a
VTHof -2 V, due to the relatively high dose of n-type charge in the p-well. A R~~,*,p Value of 44
m~•cm2is obtained for the large 3.3x3.3 mm2device at a relatively low gate bias of 2.5 V. The
breakdownvoltage for the large device is only 350 V and a high leakage current is observed

(Figure 4). Figures 5and6showon-state and off-state I-V characteristics of a smaller 0.75x0.75

mm2device with a cell pitch of 16 um. Thedevice showeda reduced Ron.'p Value of 23 m~ecm2
due to the smaller cell pitch, which resulted in smaller JFETresistance, and was able to block

1620V(Vg = -19V).
Recently, NOannealing of the gate oxide was shownto be very effective in improving

effective channel mobility in 4H-SiC MOSFETS[3]. Figure 7showsIV characteristics of a NO
annealed (performed at Auburn Univ.) 4H-SiC power MOSFET(0.75x0.75 mm2)without any
buried channel charge. The device showeda R,,~,+p of 55 m~•cm2and a breakdownvo]tage of

1950V (Figure 8). Thesedevices are normally-off. The shape of the breakdowncharacteristics

suggests openbase bipolar breakdown, due to the high resistance of the p-well regions.

Acknowtedgements: This work was supported by DARPA(Dr. D. Radack) and monitored by Dr. G. Campisi of

ONRunder the contract #Noocn4-99-C-0377.
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Figure I . Aschematic cross-section of the power
MOSFETcell.

Figure 3. Forward I-V characteristics of a 3.3x3.3 mm2
powerMOSFET.

Figure 5. Forward I-V characteristics of a O.75x0.75
mm2powerMOSFET.

200
= ov

~: 150 ~~= ~4v

= -5v

E = -8v

~;: Ioo

~S ;r**~
o 50E

o

-5 o lo 205 15
VGS(V)

Effective channel mobility in aFATFETas aFigure 2.

function of the gate bias and the back bias on the p-well.

Figure 4. Blocking characteristics of the 3.3x3.3 mm
powerMOSFET.
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Figure 6. Blocking characteristics of the 0.75x0.75 mm2
powerMOSFET.

Figure 7. Forward I-V characteristics of NOannealed Figure 8 Blocking characteristics of the device shown
(courtesy of Prof. J. R. Williams) 4H-SiCpower in Figure 7. Thedevice did not receive any buried

MOSFET(0.75x0.75mm2). channel charge.
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4H-SiCDELTA-DOPEDACCUMULATION-CIIANNELMOSFET
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MakotoKitabatake

Matsushita Electric Industrial Co., Ltd., AdvancedTechnol08yResearchLaboratories,
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Phone: +81-774-98-2511, Fax: +81-774-98-2586, e-mail: yokogawa@crl.mei.co.jp

Wereport on electronic properties of nitrogen-delta-doped SiC and propose its application for

MOS-FET. Delta-doping distributions with high peak concentrations and narrow distribution widths

were advantageous for a high Hall mobility. 4H-SiC delta-doped accumulation-channel MOSfield

effect transistors (DACFET)have beensuccessfully fabricated. Delta-doping in CVDwasperformed

by a pulse doping methodusing a pulse valve.[1] The valve can open and close within very short

period less than 10 !~ s. Thenitrogen gas as n-type dopant was injected into the reactor through the

pulse valve. The delta-doped structure wasconfirmed by the C-Vprofiling technique. The doping

distribution profile of the delta-doped SiC had stnkingly narrow full width of half maximum(FWHM)
of 10 nm, as shownin Fig.1. Thepeakconcentration wasas high as

1018 em~3. ByHall-effect of the

delta-doped SiC, the temperature dependenceof a Hall mobility and a carrier concentration was
investigated. The Hall mobility enhancementwas observed for the delta-doped structure over the

corresponding unifonnly dopedSiC. The enhancementfactor of 3wasobtained for the delta-doped

SiC. Theself-consistent calculation by the coupled sets of Poisson and Schrddinger equation suggests

that the high mobility is related to the extension of the electron wave-function of the delta-doped layer to

high purity SiC Iayers. The high mobility attracts considerable interest in MOS-FEThaving the

delta-doped accumulation chamel. Delta-doped accumulation-channel MOS-FETwas fabricated.

All epitaxial growih wascanied out in the CVDon 4H-SiC(OOO1)off substrates. Thedevice structure

consisted of a5l~ mp-type SiC Iayer (9 X1015 em~3), andan accumulation-chamel layer consisting of a
10 umdelta-doped n+-SiC Iayer and a50nmundopedSiC Iayer, as shownin Fig.2. Thenumberof the

delta-doped layers was five. N+_sourceand drain regions were formed utilizing a multiple nitrogen

implant profile at 30, 60, 100, 110, 130, 180, and240keVwith dosesof 5, 6, 8, 5, 10, 15, and 10 X1013

cm~
,

respectively. The implantation wascarried out at 500 ~C
.

Implants were activated at 1500 ~C

for 30 min in an argon ambient. After standard RCAcleaning, the gate oxides (40 um)wasthermally

grownusing wet oxidation at 1100 ~C
.

Thedevice wasnormally off andhada threshold voltage of 4.2

Valthough these gate-control properties dependedon the delta-doped chaunel structure. Theeffective

chamelmobility derived ffom the I-V characteristics that wasmeasuredat low drain voltage of 0.5 V
washigher than about 55 cm2Ns. The chamel mobility increases with decreasing the gate voltage

becauseof the reduction of the surface scattering. Theexcellent chalmel mobility of 113 em2/Vswas
obtained at the gate voltage of 5V, as shownin Fig.3. Thedevice also hadhigh drain current of up to

220nlNmmat the drain voltage of 15 V.

Reference
[1] T. Yokogawaet al. J. Appl. Phys. 89, 1794(2001).
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SiC is expected to enable the realization of powersemiconductor devices with better perfonnance

than Si devices, because of its superior electrical and physical properties. However, since the

built-in junction potential of SiC is higher than that of Si due to its larger bandgap, unipolar devices

such as FETSandSITe are moresuitable than bipolar devices for very low loss, high speed andhigh

voltage applications. Recently, several SiC FETSwith better performance than the theoretical

limit of Si FETShave been developed [1-3], but their blocking voltages (BVs) are less than 1,800V.

For the electric power utility applications, higher BVis neededtherefore wehave developed 4.5kV

SIAFET[4]
.

In spite of the conductivity modulation in its channel region, its RonSis a relatively

high 387 m~cm2 prirnarily because of poor channel mobility obtained. Recently, we have

developed the SEFET(Static channel Expansion FET) device concept and have fabricated 5.5 kV

SEJFETwith RonSof 130 m~cm2[5]. In this paper, we report the development of 4H-SiC

SEMOSFET(Static channel Expansion MOSFET)with a high performance by an improvementof

channel mobility and by an optimization of a device structure. The developed SEMOSFEThas

high BVof 5020V, Iow RonSof 88 m~ cm2andhigh switching speedof about 40ns at the sametime

In all reported FETs, the SEMOSFEThas the best trade-off betweenRonSandBV, which exceedsthe

theoretical limit of 6H'SiC FETfor the fust time

Fig. I shows a cross-sectional structure of SEMOSFET.It has two gates, an accumulated

MOSgate, Gm,anda p+ buried gate, Gp, which can electro-statically expandthe channel by applying

a positive bias and can reduce the ehannel resistance drastically. Fig.2 is a photograph of the

Fig.3 shows its reverse V'Ideveloped SEMOSFET,with a 1,1 mmx 1.1 mmchip size.

Its BVis 5.02kV and the leakage current density at 4.5kV is 3xl0~5 A/cm2.characteristics.

Fig.4 showsits forward output characteristics. Whenapplied voltages to GpandGmare 2.0V and

20Vrespectively Ids is 22.8A/ cm2at Vds of 2V, therefore, RonSis 88 m~ cm2 Fig.5 shows its

turn'off waveforms. Tum-off time is 3lns. Turn-on time has also been measuredand is 39ns.

TheFig.6 shows the trade-off between RonSand BVof normally off type FETSreported.

developed SEMOSFEThas the best trade-off and exceeds the theoretical trade-off limit of 6H-SiC.

Its figure of merit, BV2/ RonS, is 287MW/ cm2and is the largest amongthe reported FETs. The

RonSof 5.0kV SEMOSFETis about 1/140th that of the theoretical limit of a Si MOSFETfor this BV.

References
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AsSiC powerswitching devices movetoward higher operating voltages, it is imperative
that proper field terminations be incorporated into the design. Without such tenninations,

two-dimensional field crowding can occur both internally and at the edges, reducing the

breakdownvoltage well below that of the theoretical plane junction.

4H-SiCUMOSFETShaving both gate trench protection [1] andJTEedge terminations
L2] are reported for the first time. Thebasic device structure is shownin Fig. I .

Two
versions of this device are investigated. Oneversion has a thin n-type epilayer grownon
the trench sidewalls following RIE to counter-dope the channel, while the other version
lacks this feature. Both designs are optimized by extensive 2-D numerical simulations.

In both versions of the device, the gate trenches are protected by an A1 implant of 4xl013
cm~2, 800 umdeep, and the device edgesare protected by a 50 umJTEring created by
implanting A1to a dose of lxl013cm~2 and depth of 500 nm. Both implants are umealed
at 1550 'C for 30 min. in Ar. A275 nmgate oxide is formed by thennal oxidation of
deposited polysilicon, anda 550umpolysilicon gate is deposited by LPCVDanddoped
with phosphorususing spin-on dopant. Ni is used for source anddrain ohmic contacts
andA1 for base and gate trench contacts. A11contacts are annealed in Ar at IOOO"Cfor 2
min. Theminimumlateral feature size is aconservative 5um.

On-state characteristics of both devices are shownin Figs. 2and 3, and the blocking
characteristics in Fig. 4. Becauseofthe thick gate oxide, the threshold voltage is - 30 V
for the doped-channel FETand -55 V for the standard FET. Thegate voltage is kept
below 100V (oxide field below4MV/cm),thereby insuring the long term reliability of
the oxide [3]• Thedoped-channel FETblocks 3,360 Vwith a specific on-resistance of
199m~-cm2(VB2/RoN,sp= 57 MW/cm2),while the standard FETblocks 3,055 Vwith a
specific on-resistance of 121 m~-cm2(VB2/RoN,spof 77 MW/cm2).Toour knowledge,
these blocking voltages are the highest reported to date for UMOSFETSin SiC, and the
VB2/RoN,spvalues are close to the highest achieved to date, as shownin Fig. 5. More
aggressive layout using 2umdesign rules could easily double this figure of merit.

This work is supported by ONRunder MURIgrant No, NOOO14-95-1 -1 302.

[l] J. Tan. J. A. Cooper. Jr., andM. R. Melloch, IEEEElectron Device Lett., 19, 487 (1998).
[2] V. A. K. Temple, IEDMTech. Dig., pp.423-426 (1977).
[3] MMMaranowskiandJ A Cooper, Jr., "IEEE Trans. Electron Devices, 46, 520 (1999).
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SiC is a promising material for low loss power device because of its high
electric breakdownfield and high thernral conductivity. Howeverthe low channel
mobility of SiC MOSFETis a serious problem to be solved, because the low
channel mobility leads to an increase of on resistance directly. Therefore much
efforts have been madeto increase the channel mobility. Wehave reported the
novel SiC MESFET(1)with delta-doped layered channel and its enhancedchannel
mobility. Here, we fabricated SiC vertical DACFETthat is double implanted
MOSFET(DIMOSFET)with delta-doped layered channel andcharacterized.

The cross sectional structure of vertical DACFETis shown in Fig.1. The Delta-

dopedlayered structure is applied as the channel of conventional DIMOSFET.AIO,k mthick

n~ epitaxial layer were grownon the low resistive n-type 4HSiC substrate( p=0.031 ~ • cm).

P-well area was formed by aluminum implantation at 500~C followed by RIE to remove
surface unimplanted region and 1700~C activation anneal. The carrier concentration of P-

well was lxl017cm~3 and the junction depth was1.5 /k mfrom the surface. After the annealing
the delta-doped layers were grown on the surface by the CVDsystem with pulse doping
method(2). The delta-doped layered structure consisted of 10nmthick delta-doped layers
(Nd=1xl018cm~3)separated by 40umthick undopedlayers. Thenumberof delta-doped layers

was four. Source area was formed by nitrogen implantation at 500~C followed by 1500~C

activation anneal. Thegate oxidation wasperformed at 1100~C for 3hours in wet oxygengas
followed by re-oxidation at 800~C for 2hours in dry oxygen gas. The gate oxide thickness

was around 40nm. Ni was deposited as source contact metal and also as back side drain

ohmiccontact followed by 1000~C5min. rapid thermal annealing (RTA). Al wasdeposited

and patterned as gate electrode. The 500nmthick Silicon-oxide film was deposited with
plasma CVDas inter level dielectric. The contact hole was madeby RIE and Al was
deposited and patterned as upper level metal. The gate length Lg is 10!Lm and the
spacing SbetweenP-wells is 10 kc m.

The typical DCcurrent-voltage (1-V) characteristic of the FETis shownin Fig.2.

Thechip has 9square cells. The total gate width and the active area of this device

were 2.Immand 7.0xl0-4cm2, respectively. Specific on resistance calculated from
this active area was110m~ • cm2at a Vgsof 12V(S=10/1 m).

References
(1) Yokogawaet al., Jounal of Applied Physics Vol.89. N0.3, 1794(2001)
(2) K.Takahashi et al., Mater. Sci. Forum338-342,141(2000)
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Abstract

A novel device structure/technique termed SOSiC(~ilicon Qn~ilicon ~arbide) is proposed here for

the first time for use in Power Integrated Circuits (PICs). The new device structure is based on
Silicon-on-Insulator technology with a SiC substrate in place of a conventional Si substrate. We
demonstrate that the chan e to SiC substrate offers uni ue and ma'or advanta es for hi h volta e
inte rated circuits such as (i) si nificantl increased breakdown volta e due to extension of the

depletion region in the SiC substrate, (ii) considerabl reduced self-heatin owing to the SiC higher

thermal conductivity and (iii) hi her switchin fre uenc due to the reduced parasitic substrate

capacitance. Wedemonstrate the crucial advantages of this structure in typical high voltage lateral

devices through extensive numerical simulations.

SOIin high voltage powerintegrated circuits

SOI technology is every day winning more and moreground in Integrated Circuits. In particular in

PICs, SOIoffers a high level of isolation, reduced cross-talk and significantly reduced leakage current

comparedto standard Junction-Isolation technology. However, the SOI technology suffers from three

main drawbacks: reduced breakdownvoltage, overheating and lower switching frequency for unipolar

devices. The first limits the applicability of the SOI technology to high voltage ICs and imposes a
severe limit on the minimumburied oxide thickness. Typically, a thickness of 1-1.5 microns of the

buried oxide is neededper 100 Vblocking voltage. Thehigher the thickness of the buried oxide, the

stronger the thermal barrier from the active structure to the heat sink leading to severe self-heating.

Finally, the switching frequency of LDMOSFETSis lower than that of the Junction-Isolation high

voltage ICs due to the absenceof the substrate depletion region which serves to decrease the parasitic

substrate capacitance during high voltage switching. The absence of the depletion layer in the Si

substrate (indifferent of the doping of the substrate) is due to the field plate shield formed by the

inversion/accumulation layer which appears under the buried oxide at high voltages.

SOSiCversus SOI
In this paper we propose a completely novel approach to high voltage PICs using a Si/oxidelSiC

structure (Fig. 1). In the top Si layer, the active high voltage structures, compatible with CMOSor

BiCMOSIC technology are formed. The SiC substrate serves to increase the device breakdownand
frequency and, at the sametime, reduce self-heating. The buried oxide acts as an electrical isolation

layer between the active structures and the SiC substrate. The increase in the breakdownvoltage on
one hand, and reduction in the substrate capacitance which relates to higher switching frequency on
the other hand, rely on the formation of a wide depletion region in the SiC substrate under the buried

oxide. This is entirely different from conventional SOIusing standard Si substrates. Thereason for the

depletion region is due to the wide-band gap of SiC substrate. Thus, the charge in the

inversion/accumulation surface layer in the SiC substrate is very weakand the charge compensation

across the buried oxide is mainly achieved through the formation of a depletion layer in the SiC
substrate. Fig. 2showsthe breakdowncharacteristics for two identical PlN diodes in SOIand SOSiC
configurations. Thepotential distributions at breakdownfor a classical SOIand SOSiCstructure are

shown in Fig. 3 and 4 respectively. As seen in Fig. 4, the potential lines extend deeply into the

depletion region of the SiC substrate thus resulting in a more efficient Resurf effect and hence
significantly increased breakdownvoltage (Fig. 2). Fig. 5shows, as expected, that owing to the higher

thermal conductivity of the SiC substrate, the SOSiCLDMOSFETis also less prone to self-heating

than its conventional SOIvariant. Finally, as already mentioned, the formation of the depletion region
in the SiC substrate in the SOSiCLDMOSFETIeads to a reduction in the drain/substrate capacitance,

which in tum results in a faster switching. This is proven by looking at the inductive switching of an
LDMOSFETin SOSiCcomparedto a conventional SOI in identical inductive conditions (Fig. 6).
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